The structure of the dimeric holo-fumarate and nitrate reduction regulator (FNR) from Aliivibrio fischeri has been solved at 2.65 Å resolution. FNR globally controls the transition between anaerobic and aerobic respiration in facultative anaerobes through the assembly/degradation of its oxygen-sensitive [4Fe-4S] cluster. In the absence of O 2 , FNR forms a dimer and specifically binds to DNA, whereas in its presence, the cluster is degraded causing FNR monomerization and DNA dissociation. We have used our crystal structure and the information previously gathered from numerous FNR variants to propose that this process is governed by extremely fine-tuned interactions, mediated by two salt bridges near the amino-terminal cluster-binding domain and an "imperfect" coiled-coil dimer interface. [4Fe-4S] to [2Fe-2S] cluster degradation propagates a conformational signal that indirectly causes monomerization by disrupting the first of these interactions and unleashing the "unzipping" of the FNR dimer in the direction of the carboxyl-terminal DNA binding domain.
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The structure of the dimeric holo-fumarate and nitrate reduction regulator (FNR) from Aliivibrio fischeri has been solved at 2.65 Å resolution. FNR globally controls the transition between anaerobic and aerobic respiration in facultative anaerobes through the assembly/degradation of its oxygen-sensitive [4Fe-4S] cluster. In the absence of O 2 , FNR forms a dimer and specifically binds to DNA, whereas in its presence, the cluster is degraded causing FNR monomerization and DNA dissociation. We have used our crystal structure and the information previously gathered from numerous FNR variants to propose that this process is governed by extremely fine-tuned interactions, mediated by two salt bridges near the amino-terminal cluster-binding domain and an "imperfect" coiled-coil dimer interface. [4Fe-4S] to [2Fe-2S] cluster degradation propagates a conformational signal that indirectly causes monomerization by disrupting the first of these interactions and unleashing the "unzipping" of the FNR dimer in the direction of the carboxyl-terminal DNA binding domain.
The fumarate and nitrate reduction regulator (FNR) is the protein switch that controls the transition between anaerobic and aerobic respiration in Escherichia coli (Ec) and related facultative anaerobes (1) . FNR is a member of the CRP [cyclic adenosine monophosphate (cAMP) receptor protein] superfamily of homodimeric transcription factors (2) . Proteins belonging to this superfamily consist of a C-terminal DNA binding domain that recognizes specific sequences within numerous promoters, an extensive helical coiled-coil dimer interface, and an N-terminal sensory domain (2) (6) . Monomeric FNR does not bind DNA and consequently is unable to interact with RNA polymerase and regulate gene expression (7) . After prolonged O 2 exposure, FNR completely loses its iron-sulfur cluster (8) . Transcriptional control through an iron-sulfur cluster-modulated monomer-dimer transition is unique to the FNR family of regulators and has been the subject of intense scrutiny (1, (9) (10) (11) . However, and in spite of long-term efforts, no FNR threedimensional structure is yet available. Accordingly, the numerous site-directed mutagenesis studies and their interpretation have been based on homology models built from the known CRP structure (12) . Here, we report the 2.65 Å resolution dimeric structure of [4Fe-4S]-containing FNR from the marine bacterium Aliivibrio fischeri (Af) (table S1) (13) . In addition, we briefly discuss the structure of a form of AfFNR with a partially degraded cluster. AfFNR has the same length as EcFNR and shares 84% of amino acid sequence identity with it. It can also complement an fnr − E. coli mutant (13) , and in our hands, it behaves very much like the E. coli regulator (Fig. 1) . Although CRP-based models provided a reasonable basis for mutagenesis studies of EcFNR, we will show that many of the interpretations derived from these efforts need to be revised now that our closely related AfFNR structure is available. The [4Fe-4S]-holo-AfFNR structure appears to be increasingly agitated or disordered in going from the C-terminal DNA binding motif to the N-terminal iron-cluster binding region and the a-B helix, which packs against its a-A counterpart (Fig. 2, A and B) . As in the related FixK 2 (14) , some N-terminal residues of AfFNR (in our case, 18) and its Strep-tag are not visible in the electron density maps. Several side chains also lack matching electron density at the N-terminal domain, but most of it is relatively well defined ( fig. S1 ), including the [4Fe-4S] cluster ligands (Fig. 2C) . Conversely, in the AfFNR containing a partially degraded cluster, the N-terminal region up to residue 42 is not resolved.
Of the large number of EcFNR variants studied (11, 15, 16) , S24F, L28H, R140A, L151A, and D154A deserve special attention. The first two mutations increase iron-sulfur cluster stability toward O 2 -induced degradation (17) (18) (19) . In the case of the S24F variant, using a partially homologous [4Fe-4S]-containing amino acid sequence from the known structure of endonuclease III, it was postulated that the Phe side chain could shield the [4Fe-4S] 2+ cluster from O 2 attack (17). However, from our crystal structure, it is unclear how much protection Phe 24 could afford against O 2 because the Ca atom of Ser 24 is >7 Å from the nearest cluster atom and its Cb atom points away from the cluster (Fig. 3A) The very similar phenotype of the L28H variant has been explained using a model based on a ferredoxin structure, which suggests that the imidazole ring of His could form a hydrogen bond with a cluster sulfide ion (20) . However, given the orientation of the Cys 2+ cluster, such H-bond is not plausible (Fig. 3A) . Instead, both mutations could hinder the conformational flexibility of this region expectedly required for both iron-sulfur cluster conversion/ degradation from the [3Fe-4S] + species to the [2Fe-2S] 2+ cluster and the ensuing monomerization ( Fig. 3A) (15, 16) . It was thus concluded from CRP-based models that the dimer twofold axis-related Asp 154 side chains should inhibit FNR dimerization through charge repulsion. Indeed, removal of their carboxylate group enhanced dimer stability (16) . A similar line of reasoning was used in the case of the less drastic E150A mutation. These conclusions may now be reanalyzed using our AfFNR structure. We note that charge repulsion between the two twofold axis-related Asp 154 residues is somewhat minimized by the opposite orientation of their carboxylate groups, in a d-d′ helical interaction (Fig. 4, C and  D) ; their closest O-O distance is about 4.6 Å. Conversely, these groups , and Cys 122 omitted from the calculated structure factors and phases (3.6s).
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sit in protein pockets that, although polar in nature, will not compensate their expected negative charges. Furthermore, the carboxylate group of Glu 150 , which is across the dimer interface (Fig. 4, C and D In their crystal structure, several a-d′ helical pairings were defined as "imperfect," resulting in a metastable homodimer that readily dissociates to establish metabolically relevant heterodimeric interactions with other partners (22) . Imperfect pairings were characterized, among others, by two a-d′ Glu-Val interactions; their Glu-to-Leu mutation enhanced homodimeric Beclin 1 thermostability (22) .
The phenotype of the FNR I151A variant, which remains mostly monomeric even when coordinating a [4Fe-4S] 2+ cluster (15), is intriguing. The postulated screening effect of Ile 151 putatively placed between the carboxylate groups of the Asp 154 pair (15) is not corroborated by our structure (Fig. 4C) . Instead, the Ile 151 pair establishes van der Waals contacts through an a-a′ helical interaction, just above the Asp 154 pair. This hydrophobic contact appears to be a determinant in keeping the dimeric structure because of its proximity to the destabilizing Asp 154 residues. In the case of Beclin 1, double Leu-to-Ala variants also generated monomeric species, underscoring the stabilizing effect of LeuLeu interactions in its coiled-coil domain (22) . Several other variants of residues belonging to the coiled-coil domain of FNR favor the monomeric state (15) . However, in most cases, dimerization could be reestablished either by higher in vivo expression of the EcFNR variant or by making the corresponding double mutant with D154A (15). In conclusion, the numerous mutagenesis studies indicate that because of its imperfect interface caused by the Asp 154 pair and apparently aided by the presence of Glu 150 (16) , the FNR dimer is metastable, being significantly affected by the removal of any of the hydrophobic side chains not only at the a and d coiled-coil positions but also elsewhere in that domain (15) . Although, as mentioned above, it is well established that in wild-type FNRs the degradation of the [4Fe-4S] cluster results in monomerization (3, 6, 23) , so far, no well-founded models have been postulated to explain the mechanism of such process. The fact that D154A-EcFNR dimers can exist without a cluster (18) and that I151A-EcFNR monomers can coordinate a [4Fe-4S] center (15) indicates that iron-sulfur cluster disassembly is not directly related to monomerization. Available data from other members of the CRP-FNR superfamily are not particularly helpful in this respect because they do not depend on dimer-monomer equilibrium for DNA binding. Rather, they rely on effector-driven modulation of the orientation and distance of the two DNA binding helixturn-helix motifs in the dimer, involving the a-E and a-F helices (Fig. 2B ) (12) , or direct chemical modification at the regulator-DNA interface (14) . Notably, by acquiring a [4Fe-4S] cluster, EcFNR increases its DNA binding affinity by only sevenfold, whereas when CRP binds its cAMP effector, its affinity augments by a factor of 10 4 (5). Clearly, very different mechanisms are at play. The FNR dimer is markedly different from other members of the homodimeric CPR superfamily with known structures not only functionally, as just described, but also structurally. Besides the expected dissimilarities at the [4Fe-4S] binding region, the N-terminal ends of the two long a-C helices are more agitated and kept further apart than in other members of the superfamily by interactions with the rest of the structure ( fig. S2 ). In addition, the imperfect nature of the helical dimer interface and the salt bridges at the top of the structure described above are also unique to FNRs (Fig. 4A) . Although some side chains in this latter region are not clearly visible in the electron density map, the a-B helices between Tyr 126 and Gly 134 and the a-A helices between Asp 36 and Ile 45 are rather well defined. There are three stabilizing hydrophobic interactions between these two antiparallel helices: Leu (Fig. 3B) , and Ile 143 and residues from the two helices mentioned above, fill a cavity also lined by the [4Fe-4S] cluster. Thus, there is a conglomerate of interacting hydrophobic residues connecting the iron-sulfur cluster to the a-B helix (Fig. 3B) . It seems then reasonable to conclude that conformational changes resulting from iron-sulfur cluster degradation will propagate through this hydrophobic network breaking the Arg 140 -Asp 130 salt bridge and thereby causing the top-to-bottom directional disruption of the coiled-coil dimer interface (Fig. 1) . This hypothesis is supported by the observation that the double D154A-I151A variant displays diminished activity (that is, it partially monomerizes), whereas the equivalent double D154A-I158A mutation does not have a significant effect on dimerization (15, 16) . In this respect, and as indicated by the phenotypes of the R140A, R140L, and R140E EcFNR variants, Arg 140 is essential for FNR dimer integrity (15 (21) . Equivalent changes cannot be accommodated in this AfFNR structure because of crystal packing constraints. Nevertheless, the structure shows that cluster loss leads to a small increase in both the disorder and the separation of the N-terminal regions of the a-C helices ( fig. S2 ), as could be expected for a decrease in dimer stability. A comparison with the FixK 2 -DNA complex (14) shows that, in our structures, the a-F helices should be in a conformation close to the one required for DNA binding ( fig. S5 ). In this respect, the AfFNR dimer does not differ from other members of the CRP superfamily. Although DNA binding is not required for O 2 -mediated cluster degradation, it appears that bound FNR is twice as prone to undergo this process as the free form (11) . This might be related to the expected increased rigidity of FNR induced by its binding to DNA.
In summary, our analysis of the AfFNR crystal structure, along with the considerable functional information about EcFNR gathered during several decades, configures a picture of tunable monomer-dimer equilibrium that is mainly determined by two interactions: the top salt bridges and the imperfect interface of the two a-C helices. On the basis of these observations, we propose that FNR monomerization involves a dimer "unzipping" process that starts with the dissociation of the Asp 130 -Arg 140 salt bridge near the N-terminal domain and propagates toward the C-terminal end of the interfacial a-C helices. We also put forward the idea that O 2 -modulated [4Fe-4S] to [2Fe-2S] cluster degradation indirectly initiates this process through a very significant local conformational change that disrupts the first of these two interactions. The work reported here will serve as a reliable source for new structural and functional studies aimed at further understanding the fascinating mechanism of O 2 -based regulation by FNRs.
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